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Thermal reactions of proton-bound dimers, (CH,CN),H +, (CHsOCH s)zH +, and 
(CHsCOCHs)zH+, were studied using a selected ion flow tube. Reactions observed include 
association, switching, and proton transfer. The association channel was observed only for 
base molecules that had hydrogen bonding protons such as NH,, CH,NHz, (CH,),NH, and 
CHsOH. An association-insertion mechanism was proposed in which the central proton of 
the symmetrically bound dimers is replaced by a protonated base, for example, NH:. These 
reactions are relatively slow, which demonstrates a central barrier along the potential energy 
surface. Ether-containing dimers do not demonstrate this insertion reaction, except for 
diethers, for example, CH,OCH,CHzOCHs, which can form stable bicyclic structures. 
Dimers such as (HCOOH)zH+, which possess hydrogen bonding protons in the periphery, 
undergo switching reactions with ammonia and no insertion. (I Am Sot Mass Spectra 1994,5, 
695-703) 
Our group has been interested recently in reactions of 
H ydrogen-bonded structures, which are charac- 
those species that also demonstrate abundance max- 
terized 
ima (so-called magic numbers) in cluster sequences. As 
by the symmetric positioning of 
part of this research effort, we studied reactions of 
molecules around a central proton or proto- 
(CHsOH)sH+ with a series of base molecules [4]. Ob- 
nated molecule, possess special stability. Ion-molecule 
served reactions depended on the be&city of the neu- 
reactions of such species are of interest because they 
tral reactant and ranged from ligand switching, which 
bridge the gap between gas-phase and liquid-solu- 
forms a mixed trimer, through ligand switching and 
tion-phase chemistry. Proton transfer reactions of 
evaporation of a single methanol molecule, which 
(H20),H+ with ammonia have shown [l] that the 
formed a mixed dimer, to ligand switching and evapo- 
dominant channel is the least exothennic path that 
ration of two methanol molecules, which leads for 
occurs by sequential loss of water molecules. The reac- 
molecules of the highest basicity, to the protonated 
tion of proton-bound methanol dimers with methanol 
was found [2] to proceed by association with no evi- 
dence for displacement, although the latter reaction is 
exothermic. Displacement requires CH,OH transfer 
from reactant to product ion, and quenching is consis- 
tent with a barrier to this transfer [2]. Other reactions 
were observed [3] for which AH” > 0, but AG” < 0. 
expansions [9]. Cluster ionization and fragmentation 
base. An additional channel observed for the molecules 
[lo] has demonstrated that although there are higher 
of lowest basicity in the series was ligand association. 
proton-bound clusters (CH,CN),H*, no further closed 
shell is visible beyond the first shell for n = 2. Steric 
ln the protonated methanol trimer; two methanol 
hindrance was invoked as the cause for the reduced 
molecules are symmetrically positioned around proto- 
abundance of the trimer compared to the dimer in 
nated methanol. In the present study we concentrated 
acetone [5], dimethyl ether Ill], and also acetaldehyde 
on proton bound dimers in which two molecules 
[12] because the third molecule has to bind in a T- 
are symmetrically positioned around the central 
shaped structure [5] to the preexisting O-H-O 
proton, with special emphasis on ion-molecule reac- 
bridge site. The linear structure was found to be more 
tions of (CH &N)zH+, (CH ,COCH,),H +, and 
stable than the T-shaped structure [7] for the proto 
(CH@CH3)zH+. These dimers are particularly stable 
nated acetonitrile trimer. 
because they do not possess hydrogens that can form 
stable hydrogen bonding networks beyond the dimer. 
The special stability of some of these dimers has been 
demonstrated by ab initio calculations [5-71. Other 
dimers, for example, (CHsOCH&H+, are known from 
gas-phase ion equilibria studies [S] and multiphoton 
ionization of neutral clusters formed by supersonic 
The thermochemistry, that is, AH”, AG”, and As” of 
clustering reactions, is-known for acetonitrile 171, ace- 
tone [13], and dimethyl ether [13]. There has been a 
reevaluation of the upper proton affinity range recently 
[14], but the reference value for i-C,H, is now being 
Address sprint requests to Professor Chava Lifshitz, Chemishy De 
p-t, Hebrew University of Jerusalem, Givat Ram, Jemsalem 
919W, Israel. 
*Arch& and Majorie Sherman Professor of Chemistry. 
8 1994 American Society for Mass Spectrometry 
1044~0305/94/$7.00 
Received October 4,1993 
Revised December 31,1993 
Accepted February 14,1994 
696 FENG ET AL. J Am Sot Mass Spectrom 1994,5,695-703 
revised downward by 4 kcal/mol and the use of and (CH,COCH,)H+, which were converted fully into 
proton affinities from ref 15 is still recommended. The the corresponding dimers by the collision-stabilized 
best literature data are summarized in Table 1. association reactions [ 22-241 
Acetonitrile and acetone have been detected by 
rocket-borne, balloon-borne, and aircraft-borne mass 
spectrometry as part of the nonproton hydrate (NPH) 
ion families of the stratosphere and troposphere 116, 
171. Ion-molecule reactions of protonated bases of at- 
mospheric importance were studied before [18] by 
using a selected ion flow tube (SIFT). Exothermic pro- 
ton transfers, for example, from (CH,CN)H+ to 
CH,COCH,, were observed to be fast and to proceed 
at near collision rates. When proton transfers were 
endothermic, the overall reactions were considerably 
slower and governed by association. Solvation effects 
on ion-molecule reactions are of considerable interest 
[l-3, 19, 201. A reduction in reactivity upon hydration 
of closed-shell ions usually has been observed. It is of 
interest to compare the reactivity of protonated dimers 
with that of the corresponding protonated monomers. 
AH++ A + He + A,H++ He (1) 
where A - CH,CN, CH,OCH,, and CH,COCH, re- 
spectively. The neutrals acetonitrile, dimethyl ether, or 
acetone were introduced into the flow tube through an 
inlet port that follows the Venturi inlet [4] very closely 
in space. The other pure or mixed proton-bound dimers 
were produced in a similar fashion. Optimal flow rates 
were 1.5 to 2 cm3/min for reactant A and 7 L/min for 
He. The helium pressures in the tube were 0.331 to 
0.371 torr and the temperature was 298 K. 
In the present study we reacted the protonated 
dimers of acetonitrile, dimethyl ether, and acetone 
with a series of base molecules with increasing proton 
affinities (PA) by using the SIFT. Reactivities and 
branching ratios are presented for these reactions and 
the results are discussed. A novel type of 
association-insertion mechanism is proposed. A series 
of reactions of different protonated dimers with am- 
monia is presented as a check for the proposed mecha- 
nism. 
Second-order rate coefficients were obtained by 
monitoring the intensity of the primary A2H+ ion 
decay as a function of the neutral reactant gas B 
concentration introduced downstream from the inlet of 
A (CH,CN, CH,0CH3, or CHJOCH,, respectively). 
Product ion distributions were obtained by plotting 
the percentage of each product ion as a function of the 
gas B flow rate and extrapolating the resulting curves 
to zero flow rate. Product ion distributions were cor- 
rected via the measured mass discrimination factors of 
the detector quadrupole mass filter. 
Results and Discussion 
We have reacted the three protonated dimers 
(CH,CN),H+,(CH,COCH,),H+,and(CH,OCH,),H+ 
with a series of base molecules B spanning the PA 
range from 181.9 (methanol) to 232.3 kcal/mol (triethyl 
amine). The following primary reactions were ob- 
served (A = CH,CN, CH,OCH, or CHJOCH,): 
Experimental 
The SIFT apparatus employed has been described in 
detail elsewhere [21]. Briefly, reactant ions are gener- 
ated in a suitable ion source, are mass-selected by a 
quadrupole mass filter, and injected into the flow tube 
by a helium carrier gas via a Venturi inlet. A neutral 
reactant is introduced into the flow tube at an appro- 
priate distance downstream to ensure laminar flow. A 
detector quadrupole filter analyzes the reactant and 
product ions. 
We were unable to inject the protonated dimers 
from the ion source into the flow tube. We injected the 
protonated monomers (CH,CN)H*, KH30CHJH+, 
Table 1. Thermochemistry of the stepwise dimerization 
reactionsa: H++ A + AH+ andb: AH++ A + A,H+ 
(kcal/mol at 298 K) 
A Reaction AH” AG” 
CH,CN a - 188.4 - 180.7 
b -29.8 - 22.4 
CH,OCH, a -192.1 - 184.3 
b ~ 30.7 -21.9 
CH,COCH, a - 196.7 - 186.9 
b -30.1 -21.4 
Source: References 7 and 13 -15. 
Association: A*H++ 13FA2BH+ (2) 
Switching: A2H++ B + ABH++ A (3) 
Proton transfer: A2H++ B + BH++ 2A (4) 
Reaction (41, [proton transfer @I’)] was observed only 
for base molecules B having very high proton affinities. 
This is understandable upon inspection of Table 1 
because reaction (5), 
A2H++ H++ 2A (5) 
has endothermicities, AH” of 218.2, 222.8, and 226.8 
kcal/mol and AG” values of 203.1, 206.2, and 210.3 
kcal/mol for acetonitrile, dimethyl ether, and acetone, 
respectively. Reaction (4) is probably not a single-step 
process. Evaporation of ligand A may follow the lig- 
and switching (SW) reaction (3) [4]. Reaction (2) [colli- 
sionally stabilized association (AS)] was observed for 
base molecules that have low and high proton affinities 
and an association-insertion mechanism is proposed 
in the upcoming discussion. 
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Figure 1. Semilogarithmic plot of the 
decay of the primary ion as a function of _ 
the neutral flow rate for the reaction of 
420 the orotonated dimer of acetonitrile with 
Acetone Flow Rate(molecule/s) 
(E15) - neutral acetone (the results of two experi- 
merits).. 
Rate Constants 
Figure 1 reproduces the data for two experiments for 
the reaction 
(CHsCN)2H++ CH,COCH, -+ products (6) 
The pseudo first-order-rate constant is derived as usual 
from the linear slope of the semilogarithmic plot, and 
that leads to the second-order rate constant from the 
known neutral concentration. Results for the reactions 
of the three dimers are summarized in Tables 2,3, and 
4, respectively. The largest estimated error limits for 
the rate constants are k30%. Some reactions were very 
slow and only an estimated upper limit of the rate 
constant is given. The experimental rate constants k,, 
are compared with calculated collision rate constants 
k,. The latter were calculated by using the parametrized 
expression of Su and Chesnavich [25] because this 
approach is recommended above 100 K [26]. The calcu- 
lated values are included in Tables 2 to 4. Thermo- 
chemical information for the reactions observed is in- 
cluded in Tables 2 to 4, where available. For example, 
the thermochemistry of the methanol-acetonitrile and 
methanol-dimethyl ether clustering reactions has been 
reported ([8, 271 and Daly, G. M., Gao, J., El-Shall, M. 
S., submitted for publication in J. Am. Chem. Sot.) and 
unpublished data are available (Meat-Ner (Mautner), 
M., private communication) for ammonia-acetone re- 
actions. Other thermochemical information for mixed 
dimers is available from correlations between bond 
dissociation energies AH”, and the difference APA 
between the proton affinities of the proton donor and 
the proton acceptor [28]. Thermochemical information 
Table 2. Rate constants and branching ratios for reactions of (CH3CN),H+ with a series of base molecules 
6 
heutral) 
PA’ ew k kc Product ion 
(kcal/ (10m9 cm31 (1O’9 cm3/ distribution (%I AH” (kcal/mol) AG”(kcal/mol) 
mol) molecule~s) molecu1e.s) AS SW PT AS SW PT AS SW PT 
1. CH,OH 161.9 0.24 
2. CH,CHO 166.6 0.19 
4. CH,OCH, 192.1 0.3% 
5. CHJOCH, 196.7 1.27 
6. CH,COOC,H, 200.7 1.14 
7. NH, 204.0 0.40 
9. CH,OCH,CH,OCH, 204.9 0.70 
9. CH,NH, 214.1 0.75 
10. Me,NH 220.6 0.83 
ll.Me,N 225.1 0.78 
12. Et,N 232.3 0.91 
1.91 
2.51 
1.53 
2.53 
1.15 
2.10 
1.70 
1.43 
1.25 
1.35 
95.3 4.7 - -2lb +1b f36.3 - 14b +2b +29 
2.4 97.6 - f31.6 +24.5 
~ 100 - f26.1 +18.8 
- 100 - f21.5 +14.2 
~ 100 ~ f17.5 +10.2 
70 30 - l l4.2 +7.5 
- 100 - f13.3 +7.3 
62.3 37.3 0.4 -37.6" -20.4d f4.1 -19.4d -2.6 
42 51 7 -2.4 -9.7 
- 93.3 6.7 -6.9 -14.2 
- 76 24 -14.1 -21.4 
‘PA values are from ref 15. 
bi3ased on 0XParimantal values from Daly. G. M.. Gao. J., and El-Shall, M. S. (submitted for publication in J. Am. Chem. Sot.) and rsf 27. 
‘From relations between enthalpies of salvation [ZSI. 
dExperimenfal values from ref 28. 
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Table 3. Rate constants and branching mien for W&~OIW of (CH@CH,),H+ with a series of base IIIOI~CUI~S 
B 
(neutral) 
PAa exp k kc Product ion 
fkcal/ (1 0~9 cm3/ (10 9cm3/ distribution 1%) AH” (kcal/mol) AG” (kcal/mol) 
mol) molecule~s) molecules s) AS SW PT AS SW PT AS SW PT 
1. CH,OH 181.9 < 0.03 1.88 84 16 - - 1 8.1b +4.4b f40.9 -9.Ob +3.7b +32.1 
2. CH,CHO 186.6 I 0.03 2.47 - 100 - f36.2 +27.6 
3. CH,CN 188.4 0.57 3.41 - 100 - +34.4 +25.5 
5. CH,COCH, 196.7 1.19 2.47 - 100 - f26.1 +17.3 
6. CH,COOC,H, 200.7 1.17 1.11 - 100 - f22.1 t13.3 
7. NH, 204.0 0.14 2.09 - 99.9 0.1 -24.7’ -6.Ed +18.8 t10.6 
8. CH,OCH,CH,OCH, 204.9 0.55 ~ 100 ~ fl7.9 t10.4 
9. CH,NH, 214.1 0.30 1.67 - 98 2 -27.9c - 12.6” f8.7 -12.3e to.5 
10. Me,NH 220.6 0.18 1.40 - 94 6 -34.7c -19.5d t2.2 - 6.8 
11. Me,N 225.1 0.033 1.23 ~ 42 58 -37.5’ -23.0d -2.3 -11.1 
12. Ef,N 232.3 < 0.03 1.31 - 93.4 6.6 -41.9” -28.6d -9.5 -18.3 
‘PA values are from ref 15. 
‘Experimental results from ref 8. 
CFrom relations between enthalpies of salvation 1291. 
dFrom linear correlations between bond dissociation energies and diflerences between proton affhities D31. 
eExperimental values from ref 28. 
about mixed trimers is available from estimates for 
relations between enthalpies of ion salvation [29]. 
Most of the reaction rates are much slower than gas 
kinetic. This is in marked contrast to the behavior of 
the protonated trimer of methanol [4], whose reaction 
rates were found to be near collision rates for exother- 
mic reactions. The experimental rate constants are 
compared with the calculated collision rates for the 
protonated dimers of acetone and dimethyl ether 
in Figures ‘2 and 3, respectively. Whereas for 
(CHJOCH~)~H+ the experimental rate constants ap- 
proach collision rates for base molecules of high proton 
affinities (Figure 2), those for (CH,OCH,),H+ go 
through a maximum and then decline at higher PAS 
(Figure 3). The behavior of (CH$ZN),H* is intennedi- 
ate. The conclusion at this point is that the reactivity of 
the dimers is not governed solely by thermochemistry. 
In other words, these reactions are not intrinsically fast 
reactions, characterized by a single-intermediate one- 
minimum potential energy surface. It is rather safe to 
assume that they are characterized by double-well 
surfaces with intermediate barriers [30-331. As noted 
earlier, (CH3CNj2H+, (CH,COCHJ2H+, and 
(CH,OCHJ,H’ have no hydrogen bonding protons 
Table 4. Rate constants and branching ratios for reactio~~~ of (CH,COCH,),H+ with a series of base molecules 
B 
(neutral) 
PA’ BXP k kc Product ion 
(kcal/ (I 0~9 cm3/ (10~9 cm3/ distribution (%I AH” (kcal/mol) AG” (kcai/mol) 
mol) malecule.s) molecule’s) AS SW PT AS SW PT AS SW PT 
I. CH,OH 181.9 IO.03 1.83 100 
2. CH,CHO 186.6 < 0.03 2.38 - 
3. CH,CN 188.4 s 0.03 3.30 
4. CH,OCH, 192.1 IO.03 1.45 
6. CH,COOC,H, 200.7 0.74 1.06 
7. NH, 204.0 0.22 2.05 60 
8. CH,OCH,CH,OCH, 204.9 0.58 - 
9. CH,NH, 214.1 1.09 1.63 54 
10. Me,NH 220.6 0.96 1.35 51 
11. Me,N 225.1 0.97 1.18 
12. Et,N 232.3 1.03 1.24 
100 
100 
100 
100 
40 
100 
46 
49 
99.6 
61 
- +44.9 
- +40.2 
t38.4 
t34.7 
+26.1 
- -25.@' -5.5b +22.8 -18.gb 
- +21.9 
<l -28.1' -ll.3d +12.7 
<l -32.6' -16.6e +6.2 
IO.4 -35.4C -20.1' +1.7 
39 -39.7c -25.6e -5.5 
+36.2 
t31.7 
t29.6 
+26.0 
i-17.4 
~6.0~ +14.7 
t14.5 
p12.5d +4.8 
-2.5 
-7.0 
-14.2 
“PA values are from ref 15. 
bExperimental results from M. Meat-Ner (Mautner) fprlvate communication). 
‘From relations between enthalpies of solvatican 1291. 
dExperimental results from ref 28 
‘From linear correlations between bond dissociation energies and difkxences between protcm affinities [281 
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(CH,COCH,),H+ + B 
180 200 220 240 
PA, kcal/mol 
Figure 2. Reaction rate constants for reactions of the protonated 
dimer of acetone with a series of base molecules 3, as a function 
of their proton affinity. .: experimental; n : calculated collision 
rate. The numbering of the base molecules corresponds to Table 
4. 
in the periphery and there is a steric hindrance to 
trimer formation. We suggest that the central barrier in 
the series of reactions AZH* + B studied here is due 
to a similar steric hindrance against the approach of B 
to the central O-H-O or N-H-N bridge. It is 
interesting to note, however, that there are some bulky 
base molecules such as CH,COOC,H,, that have rela- 
tively large rate constants. We will return to this ques- 
tion later. 
Product Ion Distributions; Ligand Insertion 
Product ion distributions (or branching ratios) are in- 
cluded in Tables 2 to 4. We estimate them to be correct 
to within 42%. By plotting the percentage of each 
product ion as a function of the gas B flow rate, it is 
relatively easy to distinguish between primary and 
secondary products. Figure 4 demonstrates this for the 
PA, kcal/mol 
Figure 3. Reaction rate constants for reactions of the pratonatad 
dimer of dimethyl ether with a series of base molecules B, as a 
function of theii proton affinity. .: experimental; *: calculated 
collision rate. The numbering corresponds to Table 3. 
24 
104 208 q2 416 520 
615) 
(CH,),N FLOW/(molecule s”) 
Figure 4. Product ion distribution as a function of the neutral 
flow rate for the reaction of the protonated dimer of acetonitrile 
with trimethyl amine. 
set of reactions 
(CH3CN)zH++(CH,)3N 
= (CH,),NH++ 2CHsCN 
3 (CH,CNX(CH,),N)H+ (7) 
J.(CH,),N, sw 
((CH,),N),H+ + ZCH,CN 
Material balance demonstrates that the majority of the 
protonated dimer of trimethyl amine is formed by two 
consecutive switching reactions. The appearance of the 
secondary product is quite distinct in the semilogarith- 
mic plot of ion counts versus flow rate (Figure 5). In 
this case the major primary product ion is quite rkac- 
tive; in other cases this is not so. Of special interest is 
(CH,CN),H+ + (CH,),N 
E ,~/$ky+* , , 1 
0 1 2 3 4 5 a 
FLOW/(1 V molecule s”) 
Figure 5. Variation with (CH&N flow of the primary and 
product ion count rates for the reaction of (CH$3D2H+ with 
@H&N. 
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(CH,COCH,),H+ + NH, 
100 
L 
2 80 
0 (CH,COCH,),(NH,)H’ 
E 80 + b+ -*- 
n 
; 40 + (CH,COCH,)(NH,)H’ 
--+--___ 6 
z + ----t --+- 
0 20 - WWW~W’ 
-*--- ._= s __c--- - 
0 
0 00 0 30 0.60 0.90 1 20 1 50 
(E1V 
NH, FLOW/(molecule s.‘) 
Figure 6. Product ion distribution as a function of the neutral 
flow rate for the reaction of the protonated dimer of acetone with 
ammonia. A: (NH,),H+; o: (NH&H’. 
the (CH,COCHJ2H+-NH3 reaction system (Figure 6) 
(CH3COCH3),H++ NH, 
&$,~cH~C~CH~)~(NH~)H+ 60% 
.EQCH,C~CH,XNH~)H+ 40% 3 (NI-&H+ 
3. AS 
(CH3COCH3XNH,)2H+ 
SWl 
(NH313H+ 
(8) 
for which the association product (CH3C0CH,), 
(NHJH+ is quite unreactive. The association channel 
is observed for molecules of low proton affinity, for 
example, methanol (Figure 7). It disappears for 
molecules of intermediate proton affinity, reappears 
for molecules of relatively high PA, and disappears 
again for molecules of very high PA, such as triethyl 
amine (Figure 8). A plot of the branching ratios for 
association, switching, and proton transfer as a func- 
tion of PA of B is given in Figure 9 for reactions of 
(CH,COCH&H+ with a series of bases. Similar re- 
sults were obtained for (CH,CN)aH+, but not for 
(CH,OCH,),H+. Inspection of the acetone and ace- 
tonitrile data shows that association reappears for am- 
monia (A), methyl amine CM), and dimethyl amine (D) 
(Figure 9); in other words, for nitrogen bases that have 
at least one N-H bond. This led to two experiments 
with base molecules that have similar or slightly higher 
PAS than that of ammonia-CH,OCH,CH,OCHa 
(PA = 204.9 kcal/mol) and (i-C,H,),O (PA = 206.0 
kcal/mol)-neither of which leads to association reac- 
tions with the proton-bound dimers (Figure 9). Clearly, 
the association reaction occurring with A, M, and D is 
chemical in nature and not necessarily related to the 
PA. Another base molecule, HCONH, that has a PA 
that is 5 to 6 kcal/mol smaller than that of ammonia, 
J Am %c Mass Spectrom 1994,5,695-703 
(CH,CN),H+ + CH,OH 
0 1 2 3 4 5 
FLOW/( 10”’ molecule s ‘) 
Figure 7. Variation with CH,OH flow of the primary and 
product ion count rates for the reaction of (CH,CN),H+ with 
CH,OH. 
but possesses N-H bonds, demonstrated a fraction 
of at least 17% of association products. The results 
demonstrate that reactions with A, M, and D lead to 
insertion in which NH:, instead of the proton, is the 
central ion with two A molecules symmetrically bound 
to it. This insertion is a two-step process: (I) Attack on 
the proton of the O-H-O or N-H-N bridge by 
the lone pair of nitrogen electrons and (2) rearrange- 
ment to a V-shaped trimer structure (Scheme I). The 
rearrangement step is probably responsible for a cen- 
tral barrier in the potential surface and the relatively 
low reactivities. Ions that have NH,’ in the center and 
either CH,CN or CHaCOCH, in the periphery are 
well known from multiphoton ionization of neutral 
mixed clusters [34,35]. Upon unimolecular fragmenta- 
tion, ions (NH3)A,H+ (A = CH,CN or CHaCOCH,) 
lose the acetonitrile or acetone, but not the ammonia 
(CH,CN),H’ + E&N 
FLOW/(1 0”’ molecule d) 
Figure 8. Variation with (C,H,),N flow of the primary and 
product ion Comt rates for the reaction of (CH,CN),H ’ with 
(C,H,),N. 
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Figure 9. Branching ratio of the product ions as a function of 
proton affinity of B in the general reactions: (CH@CH,),H+ + 
B + products. The products are m : association; A, A : switching; 
.: proton transfer. The nwring of the base molecules corre- 
spends to Table 4. A: ammonia; M: methyl amine; D: diiethyl 
amine, * signifies bases having no hydrogen bonding protons: 
CH,OCH,CH,CXZH, (8) and (i-C,H,),O (13). 
“,C\ ,W 
‘Cc0 ._..._.... “‘.......... O=C’ 
H,C’ 
ii 
lCH, 0) 
H’C‘H 
CH, 
/ 
c”, 
V-C 
$0 
L,C”, 
/ 
*.._ 7 
‘H 
(ii) 
\ 
, “d’ 
Scheme I
H,C-C’N . . . . .._... y* ._._._.... N-C-C& (i) 
/O 
-H I 
C”, 
W, 
YN 4 
,‘% 
*~ :N 
. . . 
.’ (ii) 
I 
CH, 
Scheme II 
[34, 351. Similarly, collision-induced dissociation 
(CID) of adduct ions (Et,CO),(NH3)H+ and 
(ET2C0)2(CH3NH2)H+, formed in the ammonia or 
methyl amine chemical ionization of the ketone [36], 
leads to loss of the ketone under both low and high 
energy CID. A proton-bound cluster ion in which NH: 
is the central entity is consistent with these results. 
These literature data [3&36] lend further support to 
the insertion mechanism proposed in Scheme I. Tri- 
/” 
0-H-.N- H 
/ ‘Ii 
H -d 
\ 0 . ..___ ,,‘_i__._ “\\C _ H 
H- I4 
Scheme III 
Table 5. Product ion distributions for reactions of dimers with ammonia” 
Product ion distribution 1%) AW (kcal/mol) AG” Ikcal/mol) 
Dimer AS SW PT AS SW PT AS SW PT 
(HCOOH),H+ 100 
(CH,CHO),H+ 71 29 - 
(CH,CN),H+ (Table 21 70 30 f14.2 f7.5 
(CH,OCH,),H+ [Table 3) - loo - - 24.7 -6.8 +18.8 f10.6 
(CH,COCHJ,H+ (Table 4) 60 40 - 25.8 -5.5 f22.8 - 18.9 - 6.0 f14.7 
KH,COOCzH,),H+ 69 31 -2Ob -0.8C.d +26.7c fl9.7C 
(C,H,OC,H,),H+ 100 - 
(C,HsO),H+ (tetrahydrofuran) 64 36 
(CH,~CH,CH,OCH,),H+ 84 16 
(CH,CNMCH,COCH,)H+ 26 740 - 
(CH~CN)ICH,OCH,)H+ loo - 
KH,COCH,HCH,OCHJ)H+ 95.4’ 4.6 
KH,0CH,CH,0CH&H30H)Hf - 99.50 0.5 
a9ranching ratios were measured at a minimum flow rate of 0.11 cm3/min ammonia. 
bRelation~ between enthalpies of salvation. 
‘Keesee. R. G.; Castleman, A. W., Jr. 
‘Linear correlations 1281. 
1 Phys. Chem. Ref. Data 1996, 75, 1011 -1071. 
030% (~H,C~CH,HNH,)H+ and 40% (CH~CNHNH,)H+. 
‘90.9% (CH,COCH,MNH~)H+ and 4.5% ~CH,OCH,HNH,)H+. 
g99.5% (CH,OCH,CH,OCH~HNH~)H+. 
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alkyl amines are unable to insert because they have no 
N-H bonds. This is consistent with the experimental 
results. Methanol is able to insert because of its O-H 
bond, and its reaction product with (CH3CN)2Hf 
(Scheme II) leads to a well known closed-shell ion [4, 
271. 
The dimer (CH30CH3),Hf demonstrates associa- 
tion for methanol as the major reaction channel and 
switching as the minor channel. The latter is 4.4 
kcal/mol endothermic, whereas the former is -18.1 
kcal/mol exothermic [8, 131, but may involve a fairly 
large insertion barrier because the overall reactivity is 
very low (Table 3). The protonated ether dimer does 
not demonstrate the insertion reaction for ammonia, 
methyl amine, or dimethyl amine. Apparently the in- 
sertion barrier for these molecules is too high to allow 
competition with the switching reactions. We ascribe 
the barrier to steric hindrance. 
The importance of the association-insertion mecha- 
nism led us to test our assumptions further by reacting 
a series of protonated dimers with ammonia. The re- 
sults are summarized in Table 5. Dimers such as 
(HCOOH),H’, which can hydrogen bond at the pe- 
riphery, give a pure switching reaction with ammonia. 
A suggested mechanism is given in Scheme III. The 
ammonia can attach to an outer O-H proton and 
does not have to attack the O-H-O bridge for 
switching to occur. The proton of the O-H-O 
bridge binds to one of the formic acid molecules, the 
second formic acid molecule is evaporated, and an 
O-H-N bridge is formed instead. Protonated 
dimers of acetonitrile, acetone, acetaldehyde, and ethyl 
acetate and mixed dimers of acetonitrile and acetone 
all demonstrate the association-insertion channel, as 
expected. Pure and mixed dimers that involve dimethyl 
ether or diethyl ether do not demonstrate the associa- 
tion channel with ammonia. Switching probably takes 
place via attack of the ammonia on the central 
O-H-O bridge, but there is no rearrangement from 
a centrally proton-binding trimer to a trimer that has 
NH: as the central ion. To the best of our knowledge, 
such ions have not been detected previously under 
photoionization of neutral clusters or under chemical 
ionization. An interesting dimer that does demonstrate 
the insertion mechanism is (CH,OCH,CH,OCH,),H+. 
These results suggest the formation of a stable bicyclic 
structure 1. Another dimer that demonstrates the in- 
sertion mechanism is (C,H,O),H ’ (tetrahydrofuran). 
This observation substantiates the idea of steric hin- 
drance in the case of dimethyl ether and diethyl ether, 
which is lifted in the case of tetrahydrofuran. 
C”, 3 
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